Abstract: Street tree inventories are a critical component of urban forest management. However, inventories conducted in the field by trained professionals are expensive and time-consuming. Inventories relying on citizen scientists or virtual surveys conducted remotely using street-level photographs may greatly reduce the costs of street tree inventories, but there are fundamental uncertainties regarding the level of data quality that can be expected from these emerging approaches to data collection. We asked 16 volunteers to inventory street trees in suburban Chicago using Google Street View TM imagery, and we assessed data quality by comparing their virtual survey data to field data from the same locations. We also compared virtual survey data quality according to self-rated expertise by measuring agreement within expert, intermediate, and novice analyst groups. Analyst agreement was very good for the number of trees on each street segment, and agreement was markedly lower for tree diameter class and tree identification at the genus and species levels, respectively. Interrater agreement varied by expertise, such that experts agreed with one another more often than novices for all four variables assessed. Compared to the field data, we observed substantial variability in analyst performance for diameter class estimation and tree identification, and some intermediate analysts performed as well as experts. Our findings suggest that virtual surveys may be useful for documenting the locations of street trees within a city more efficiently than field crews and with a high level of accuracy. However, tree diameter and species identification data were less reliable across all expertise groups, and especially novice analysts. Based on this analysis, virtual street tree inventories are best suited to collecting very basic information such as tree locations, or updating existing inventories to determine where trees have been planted or removed. We conclude with evidence-based recommendations for effective implementation of this type of approach.
Introduction
Street trees are trees growing in the public right-of-way along streets in cities, towns, and suburbs. Though street trees are a relatively small proportion of the overall urban forest in many cities [1] , they are a highly visible component that constitute a major focus of public engagement by municipalities and nonprofit organizations [2] [3] [4] . Street trees generate a range of benefits such as increased property values, shade, stormwater capture, and aesthetics [5] [6] [7] . Street trees can be conceived of as common pool resources, in that they provide benefits to the general public, but it is often unclear who is responsible data quality varies depending in part on the task complexity, which reflects both the subject matter knowledge and intricacy of the data collection technique [31] [32] [33] . Effective training strategies can overcome some of the barriers to producing accurate citizen science data [26, 33] .
In light of the simultaneous need for street tree inventory data and the lack of municipal resources to conduct inventories, many communities have enlisted citizen scientists to generate street tree data [34, 35] . However, only a few studies have formally assessed the quality of urban tree data produced by volunteers [26, 27, 32, 36] . These efforts have shown that volunteers can produce reasonably high quality data (i.e., data of comparable quality to data collected by experts, or data that is deemed acceptable for the intended application). In general, citizen scientists performed best at recording more basic variables that require less expertise to document accurately, and their performance was poorer for more detailed variables and for variables requiring more subjective assessment. For example, volunteer data for genus identification was in agreement with expert identification over 90% of the time in three studies, while average agreement rates were lower (64%-85%) at the species level [26, 27, 32] . Similarly, citizen scientists recorded diameter at breast height (DBH) within 2.54 cm of the expert measurement roughly 90% of the time [26] , but performance declined when a more precise standard of agreement with expert data was imposed. Finally, multiple studies have reported that citizen scientists struggle to produce data that is consistent with expert data for more subjective variables such as maintenance needs and tree condition ratings [26, 27, 32, 36] . Overall, if the volunteers are asked to collect data within their capabilities, citizen science approaches to street tree inventories can be an effective way to generate data at a competitive cost while building community engagement and social capital in urban forestry programs [27] .
Virtual Surveys Using Street-Level Imagery
Remotely sensed imagery has long been used to generate information about urban tree canopy cover [37] [38] [39] , but these products are traditionally limited to canopy abundance information that does not distinguish individual trees or provide details like species composition or size class distribution. More recently, researchers have advanced the use of remote sensing to monitor individual trees [40] , and to identify tree species remotely [41] . At present, these approaches require substantial computing expertise and expensive imagery that is not available in all areas. Publicly available imagery sources hold potential for generating street tree data widely and at a relatively lower cost compared to proprietary imagery. For example, Google Street View TM (GSV) (https://www.google.com/streetview/) provides street-level panoramas for most of the USA, and GSV coverage has expanded in recent years to include dozens of other countries. Similarly, Tencent Maps street view (http://map.qq.com) offers street-level panoramas in hundreds of Chinese cities.
Street-level panoramic photos capture trees lining streets, so several studies have explored the possibilities for using such imagery to generate information about street trees and streetscape greenery. Li, et al. [42] outlined an automated procedure to quantify green pixels in GSV images, and Li, et al. [43] applied this technique to study relationships between the abundance of street-level greenery and neighborhood socioeconomic characteristics. Tencent imagery was used to compare street greenery in 245 Chinese cities, and the results showed that cities in western China generally had greener streets than other regions [44] . GSV has been used to quantify streetscape shade provision in Singapore [45] and Boston [46] . Seiferling, et al. [47] used GSV imagery and innovative computer vision techniques to automatically detect the locations of trees and predict tree canopy cover. Computer vision was also used in Pasadena, California, to detect street trees, identify their species, and monitor changes over time [48] . While this approach successfully detected only about 70% of street trees, it showed great promise for identifying trees, monitoring changes, and potentially extending to additional metrics such as trunk diameter [48] . It seems likely that this type of approach, rooted in machine learning and computer vision, will eventually become a popular means of generating street tree data, because it is more efficient than human data collectors and data quality will improve as methods are refined. On the other hand, these sophisticated techniques for automated tree data generation are currently inaccessible to all but a very few communities simply because of the advanced computing skills required to implement the techniques.
In this study, we chose to explore simpler approaches to street tree data collection that are broadly accessible because they can be implemented by less skilled computer users. One such approach is a so-called virtual survey in which analysts record tree data by manually interpreting photos as if they were walking down the street [49] . This approach is similar to windshield surveys, which involve rapid data collection by a crew driving a vehicle along streets and have a long history in urban forestry practice and research [50, 51] . Berland and Lange [49] compared GSV virtual surveys to field data from the same locations, and found that the analyst documented 93% of the trees inventoried in the field, and produced genus identification data that agreed with the field data for 90% of trees. While species identifications and diameter class estimates agreed with the field data less often (66% and 67%, respectively), the authors concluded that this simple approach to virtual surveys in GSV showed promise for generating street tree data efficiently and with a reasonable degree of reliability for basic variables [49] . However, the analyst in that study had a college degree in field botany and work experience in urban forestry, and communities interested in applying this approach may not have analysts on hand with such expertise. As such, we present here an investigation of the level of data quality that can be generated using GSV virtual surveys employing analysts ranging from trained experts to novice volunteers.
Aims and Research Questions
We are aware of several municipalities interested in using citizen science and/or virtual survey techniques to generate street tree inventory data [34, [52] [53] [54] . However, there are fundamental uncertainties about the level of data quality that can be generated using a pairing of volunteer-generated data and virtual survey techniques. In this study, we compared virtual survey data to field data from the same locations as a means of assessing virtual survey data quality. We also assessed the level of agreement among analysts at three different self-rated expertise levels (novice, intermediate, and expert). We posed the following research questions:
1.
To what degree do virtual survey analysts in the same self-rated expertise category agree with one another? Does this level of agreement vary among expertise categories? For example, do experts agree with one another more often than novices agree with one another? 2.
What is the level of agreement between virtual survey data and field data? How does this vary according to analyst expertise?
Based on prior citizen science field studies for both urban and rural forestry [26, 27, 32, 34, 36, 52, 53, 55, 56] , we anticipated that novices would produce high quality data for simple variables such as tree counts, but experts would produce higher quality data for variables such as species identification that require more background knowledge. Our findings provide insights into the applicability of using virtual surveys to generate street tree inventory data, and point to practical recommendations that can be used by urban forest managers considering this approach to data collection in their communities.
Materials and Methods

Study Area
The study area is the Village of Dolton, IL, USA (41.64 • N, 87.61 • W), which lies immediately south of Chicago. Dolton covers a land area of 12.1 km 2 , and has approximately 111 km of local public roads. Dolton had a 2016 population of 23,091 [57] . The median household income was $44,075, and 27% of individuals lived below poverty level. 86% of residents had at least a high school degree, while 17% had a bachelor's degree or higher. The population was 91% black or African American, 7% white, and 4% identified as Hispanic or Latino (of any race). Most homes (77%) were built between 1950 and 1979, 64% of residences were owner-occupied, and the median home value was $94,700 [57] .
Urban forest management in Dolton is constrained by limited municipal resources. There is no formal urban forestry department or certified arborist in Dolton dedicated to managing street trees. Street trees in Dolton are under the jurisdiction of the Public Works Department, which maintains all public infrastructure including streets, sidewalks, and water/sewer lines [58] . However, there is little active street tree planning and management from municipal personnel. We chose to work in Dolton because the village had expressed interest in acquiring street tree data to our contacts at the Morton Arboretum, an organization that supports tree science and stewardship in the Chicago region. Along streets in Dolton, most trees appear to have been planted at or around the time of housing construction (estimated age 40-60 years old) or possibly planted later by a homeowner.
Field Data Collection
The field crew for data collection was composed of two senior undergraduate students majoring in Environmental Studies at DePaul University. The students had tree identification skills from applied ecology field work courses that were strengthened during three full days of urban forest inventory training with the coauthor supervising field work. Field data were collected during summer 2017. The field crew completed a random sample of street segments along Dolton's local public roads. Forty-three street segments were used in the analysis described below to match virtual survey sampling effort. Field data were collected digitally using ESRI's Survey123 (ESRI, Redlands, CA, USA). For each tree encountered, the field crew recorded location information including the street segment identifier, the street address, and a sequential number to differentiate between multiple trees at a given street address. They documented tree information including DBH to the nearest 0.25 cm (0.1 inches), mortality status (alive, standing dead, or stump), genus, species, special notes (e.g., description of the tree's location when the street address was not evident), and a timestamp for the record. The field crew also took multiple photos of each tree including the entire tree, close-ups of the leaves and bark, and any defining characteristics to help with species identification. These photos were used by the authors to confirm species identification when the field crew was uncertain.
Google Street View Virtual Surveys
Recruitment and Training of Analysts
Virtual survey analysts were recruited via email. Potential analysts were identified using the Morton Arboretum's contacts in greater Chicago and the professional networks of the authors. Individuals who were interested in participating were sent a link to a Google Forms TM survey that was used to obtain informed consent to participate and to collect self-rated expertise information (Supplementary Material S1). Respondents were asked about their previous experience in citizen science projects, experience and awareness regarding urban forestry management and field techniques (including tree measurement and identification), and experience and comfort using Google Maps TM and GSV. They were also asked background questions about their education, field of employment, and age. We sought a minimum of three analysts per expertise group, where experts were defined as those with substantial experience in urban forestry in their professional work, intermediate analysts were those with some experience collecting tree data in the field and moderate confidence in measuring and identifying trees, and novice users had very little or no experience collecting tree data in the field and low confidence in their ability to measure and identify trees.
Citizen science projects typically involve a training component to familiarize volunteers with field techniques [26, 32, 36] . Our study was not conducted face-to-face, so the virtual survey analysts received a set of digital training materials. Each analyst received a PDF document as an email attachment (Supplementary Material S2). This PDF document contained a project overview; illustrated definitions of key terms such as tree, street tree, public right-of-way, and street segment; instructions for collecting data; links to instructional YouTube TM (YouTube LLC, San Bruno, CA, USA ) videos demonstrating data collection procedures; links to illustrated reference guides for estimating tree diameter and identifying species; and links to the analyst's personalized data collection form. This training document also contained contact information for the primary investigator in case the analyst had questions or problems while collecting data.
Data Collection Procedure
Virtual survey analysts collected data along the same list of randomly drawn street segments in Dolton. Street segments were defined as the portion of a street between two intersections. To inventory a street segment, analysts clicked on a link to the segment in a PDF document that directed them to the beginning of that segment in GSV. The street segment list named the intersecting streets and the address range along that segment to clarify the precise extent of that segment. Analysts navigated down the left side of the street in GSV, noting details about any trees they encountered (see below), or recording that there were no trees present along the left side of the segment. Then they returned to the street segment list, clicked that same link again, and repeated the procedure along the right side of the street. This process of inventorying the left and right sides of the street separately reduced the likelihood of user error. It also helped the authors match trees across multiple users for analysis purposes because trees were inventoried in a clearly defined order.
When analysts encountered a tree, they recorded information about the tree in a personalized data collection form shared privately online between the analyst and the authors on Google Sheets TM . For each tree, the analyst noted the street segment number and side of the street (left or right), the street address number given in GSV, the estimated diameter class of the tree, the mortality status (alive, standing dead, or stump), genus, species, and identification confidence. Dropdown lists were used for street segment number, diameter class, mortality status, genus, species, and identification confidence to reduce data inconsistencies such as misspellings. The Google Sheet also contained a custom timestamp that automatically populated a start time when the analyst began recording information about the tree, and an end time when the analyst completed all the required fields for that tree. Diameter classes followed common bins used in urban forestry in the USA (0-7.6, 7.6-15.2, 15.2-30.5, 30.5-45.7, 45.7-61.0, 61.0-76.2, and >76.2 cm DBH). We did not ask analysts to estimate DBH with greater precision, because this proved difficult in a previous GSV study [49] , and greater level of precision is not necessarily useful for most management purposes [32] . Analysts received a DBH reference guide that showed GSV images of trees within each diameter class, and links to those trees so the analyst could see what a tree of that size looked like in the native GSV imagery (Supplementary Material S3). The genus field contained a dropdown list of 51 common genera in the Chicago area drawn from an existing tree inventory [59] , and analysts could select 'other' and type in a genus as appropriate. To aid in identification, analysts received a tree identification guide in PDF format that contained pictures and links to more information for approximately 60 common urban tree species from greater Chicago (Supplementary Material S4). Identification confidence was classified as high confidence, somewhat confident, or not confident.
Data Analysis
Time Comparison between Field and Virtual Surveys
We calculated the time taken to inventory trees in the field and in the virtual surveys. For the field data, we used timestamps from the tree records in Survey123 to break the field work into sampling blocks, where any gap between two trees greater than 30 minutes was considered a separate sampling block. This was designed to count short breaks during the field work, unique or difficult to identify trees that might take longer than average time to identify, and travel time between street segments, but not to count longer discontinuities such as lunch breaks against the total sampling time. After determining the length of each sampling block and the number of trees inventoried, we divided minutes by trees inventoried to get sampling time per tree. We did not include travel time to and from the study area in this calculation, because we are less interested in total time dedicated to field inventory activities than in per-tree comparison with virtual survey data collection. Time calculations for virtual survey data were based on Google Sheets timestamps. Again, we broke the data into sampling blocks defined by a gap less than 30 minutes between consecutive trees, and divided to calculate sampling time per tree.
Agreement within and among Analyst Expertise Groups
To assess the quality of data generated using virtual surveys, we compared virtual survey data among virtual survey analysts, and then separately compared virtual survey data to field data. When comparing virtual survey data among analysts, we assumed that higher agreement among analysts signaled higher data quality, particularly in terms of consistency or reliability. Of course, two analysts in agreement on a species identification could both be wrong, but we expected that agreement would more likely signal that both analysts arrived at the same accurate classification. Note that this is analogous to the standard means of assessing data quality in citizen science projects in the field, where the quality of citizen science data is judged against expert data, where the expert data are assumed to be correct even though they almost certainly contain some error [32] .
Agreement among virtual survey analysts focused on the following four variables: tree count (the number of trees on each side of each street segment), diameter class, genus, and species. Analysts were instructed not to record species for Amelanchier Medik., Cornus L., Crataegus L., Malus Mill., and Prunus L., because these genera contain many hybrids and cultivars that can be difficult to distinguish [32] ; for these genera, analysts were considered in agreement for species if they both selected the same genus. Together, these genera only comprised 1.5% of the total trees encountered, so this decision is likely to have a very minor impact on our results.
We tested agreement among all analysts by variable to determine which variables were collected more or less consistently among analysts. Raw percent agreement is biased by chance agreement, particularly when some classification categories are overrepresented. For example, in this study an analyst could have achieved 73% accuracy for genus identification by simply selecting maple (Acer L.) for every tree. Thus, we used Krippendorff's alpha statistic to measure agreement while correcting for chance agreement. Krippendorff's alpha ranges from 0 (no agreement) to 1 (perfect agreement). While there are no absolute benchmarks for satisfactory alpha values, scores >0.8 are typically considered to indicate good agreement, and scores >0.67 indicate acceptable agreement [60] . In this study, Krippendorff's alpha was more appropriate than other interrater reliability statistics because it allows for more than two raters. Furthermore, the statistic accommodates nominal, ordinal, interval, and ratio data [61] , whereas other metrics only accommodate nominal data.
We implemented Krippendorff's alpha in R using the kripp.boot function [62] . We bootstrapped 95% confidence intervals using 10,000 iterations. Tree count was processed as interval data, DBH size class was processed as ordinal data, and genus and species were processed as nominal data. The implication of processing variables as ordinal or interval data is that raters are penalized more severely when ratings are in stronger disagreement. For genus and species identification, analysts were allowed to select 'unknown' when they felt unable to identify a tree. When calculating Krippendorff's alpha, each instance of an 'unknown' record was converted to its own unique genus or species code. This penalized users for selecting the unknown option, and provides a more conservative estimate of interrater agreement than other strategies (e.g., omitting unknowns from the analysis). We used Krippendorff's alpha (a) to examine differences among the four key tree variables for all users to evaluate which variables exhibited higher overall agreement, and (b) to compare within-group agreement across the three expertise groups for each of the four key variables to evaluate whether agreement levels varied among expertise groups. We interpreted non-overlapping confidence intervals as a conservative indicator of significant differences.
Agreement with Field Data
Next we compared data from each analyst to the field data using Krippendorff's alpha. Field measurements of DBH were converted from cm to diameter classes for comparison. Relatively higher Krippendorff's alpha scores indicated higher agreement between the analyst and the field data. We interpreted higher alpha scores as an indication of higher data quality, which assumes that the field data are correct. Notably, we could not account for tree plantings or removals between GSV imagery capture and field data collection. While field data were collected in summer 2017, virtual surveys were based on GSV imagery captured predominantly in 2012 and during summer months (Table 1) . 
Results
Overview of Virtual Survey Analysts and Tree Data
We recruited 16 analysts to participate in the virtual surveys. Their ages ranged from 22-72 years (median = 44.5 years). Nine had prior citizen science experience, and 15 of 16 analysts reported using Google Maps or Google Earth TM one or more times per week, but responses were more varied for Google Street View use. The analysts varied in their self-reported knowledge in urban forestry and confidence in their ability to complete tree identification and measurement tasks. Based on these responses, analysts were divided into expert, intermediate, and novice groups containing 3, 9, and 4 members, respectively.
The virtual survey analysts inventoried between 5-43 street segments (mean = 21.8 segments), and ranged from 53-357 trees (mean = 186.9 trees). The average time per tree was lowest for experts and highest for novices (Table 2 ). Nearly half of the analysts (7 of 16) averaged less time per tree than the field crew, but note that the analysts operated individually while the field crew consisted of two members. The data from the virtual surveys and the field survey can be found in Supplementary Material S5. 1 3.14 1 Field crew times do not include travel time to and from the study area or organization of equipment. The field crew included two people, whereas the virtual survey analysts worked alone.
Agreement among Analysts
Interrater agreement among all virtual survey analysts was highest for tree count, followed by DBH class and genus, and species agreement was lowest (Figure 1 ). Only tree count had a Krippendorff's alpha score above the heuristic threshold of 0.8 indicating good agreement [60] . Within expertise groups, experts had the highest level of agreement for DBH and tree count, and experts and intermediate analysts had higher agreement than novices for genus and species identification (Figure 2 ). Novices exhibited relatively high interrater variability on tree count, and this appeared to be caused by one analyst with a low sample size and low alpha score (see rightmost tree count data point in Figure 3 ). Novices had particularly low Krippendorff's alpha scores for genus (0.29) and species identification (0.23). 
Agreement between Field Data and Virtual Survey Data
Pairwise comparisons between virtual survey analysts and the field data show high agreement for 15 of 16 analysts for tree count (Figure 3) . Two of the experts outperformed all of the novices for both genus and species identification; the third expert was penalized for selecting 'unknown' relatively frequently, resulting in a diminished alpha score for genus and species identification (Figure 3) . We observed marked variability among intermediate and novice analysts for DBH, 
Pairwise comparisons between virtual survey analysts and the field data show high agreement for 15 of 16 analysts for tree count (Figure 3) . Two of the experts outperformed all of the novices for both genus and species identification; the third expert was penalized for selecting 'unknown' relatively frequently, resulting in a diminished alpha score for genus and species identification (Figure 3) . We observed marked variability among intermediate and novice analysts for DBH, compared with relatively consistent performance among experts (Figure 3 ). DBH performance Maples comprised 72.6% of the trees encountered in the field on the street segments analyzed here (Table 4) , and genus agreement rates were high (88-96%) for maples across all expertise groups. 
Pairwise comparisons between virtual survey analysts and the field data show high agreement for 15 of 16 analysts for tree count (Figure 3) . Two of the experts outperformed all of the novices for both genus and species identification; the third expert was penalized for selecting 'unknown' relatively frequently, resulting in a diminished alpha score for genus and species identification (Figure 3) . We observed marked variability among intermediate and novice analysts for DBH, compared with relatively consistent performance among experts (Figure 3) . DBH performance generally decreased with increasing tree sizes, and all analyst groups tended to underestimate the DBH of larger trees ( Table 3 ). The top intermediate analysts performed on par with the experts across all variables (Figure 3) .
Maples comprised 72.6% of the trees encountered in the field on the street segments analyzed here (Table 4) , and genus agreement rates were high (88%-96%) for maples across all expertise groups. Identification performance was much poorer for other common genera including ash (Fraxinus L.), elm (Ulmus L.), and linden (Tilia L.) (Table 4) . With respect to self-rated confidence in tree identification, analysts across all levels of expertise were more confident identifying to the genus level compared to the species level (Table 5 ). When the analysts were confident, overall agreement rates between virtual survey data and field data were high for both genus (94.5%) and species (89.6%) ( Table 5 ). Experts were more likely to be in agreement with field data when they were confident, followed by intermediate and novice analysts. Agreement rates were substantially lower at both the genus and species levels when analysts rated their identifications as somewhat confident or not confident (Table 5) . 
Discussion
In this study, we used publicly available GSV imagery to generate street tree inventory data. We explored how data quality varied from analysts in three self-rated expertise groups. This work advances our understanding of data quality associated with two approaches to data collection -citizen science projects and virtual surveys using street-level panoramas -that have potential to become increasingly prominent for street tree inventories. Below we discuss our findings, describe limitations of our study, and offer recommendations for future application of this technique.
Data Quality from GSV Virtual Surveys
The 16 analysts in this study were diverse in age, educational background, and self-rated expertise related to urban forestry and tree inventory, yet the analysts were able to complete the project tasks using digital training materials and online data entry. Leveraging familiar, user-friendly digital platforms like GSV and Google Sheets reduced the time needed to train volunteers on new software or field equipment. This type of online data crowdsourcing may be useful in similar situations, because it would allow managers to solicit a substantial amount of data remotely without coordinating the schedules of volunteers for fieldwork activities. The rate of data collection for an individual analyst was competitive with that of field crews observed here (Table 2 ) and in other studies of citizen science tree inventories [27, 32, 36] . Slower data collection for novices was likely attributable to more time spent on tree identification. Analysts were able to participate on their own schedules, regardless of the weather, from any computer with an internet connection, and seasonal timing of the surveys was irrelevant because GSV imagery is primarily captured during the growing season (Table 1) . On the other hand, by eliminating site visits and removing the teamwork aspect of field inventories, we may have missed out on some of the benefits of citizen science fieldwork including community building and enhanced public support for urban forestry initiatives [26, 27] .
Agreement among virtual survey analysts was high for the simplest variable, tree count (Figure 1 ), which is consistent with previous citizen science studies indicating that volunteers perform on par with experts for the most basic types of observations [26, 27, 32] . Even though we simplified data collection into DBH classes rather than requiring DBH estimation with greater precision, interrater agreement for DBH was relatively low (Figure 1) , and most analysts were in low to marginal agreement with field data for DBH ( Figure 3 , Table 3 ). Likewise, we observed fairly poor agreement for tree identification at the genus and species levels (Figures 1-3 ) after Krippendorff's alpha accounted for the overabundance of maples in the study area (Table 4 ). The analyst's level of confidence in their identification was a good indicator of data quality, particularly for expert and intermediate analysts (Table 5) . Overall, the expert group had the highest interrater agreement across the four variables we tracked, but even expert performance only exceeded a Krippendorff's alpha value of 0.8 for tree count (Figure 2 ). That said, experts also showed promise for identifying trees to the genus level; two expert analysts were in high agreement (alpha >0.8) for genus identification (Figure 3 ), while the third expert was frequently penalized for selecting 'unknown' for genus and species. Some intermediate analysts produced virtual survey data on par with experts across all four variables (Figure 3 ), indicating that this approach need not be used by experts alone. As suggested by Roman, et al. [32] , volunteers could be evaluated for species identification accuracy at the beginning of a project, as high-performing individuals may not consistently identify themselves as such.
Limitations
Several limitations to our study warrant consideration. When comparing virtual survey data to field data, we used the term agreement rather than accurate to acknowledge that the field data likely contained some errors, albeit presumably minimal. We assumed that agreement with field data represented higher data quality, reflecting the idea that field data are the traditional standard for data collection. Updates to GSV imagery were beyond our control. Eighty-seven percent of the GSV imagery in this study was collected five or more years before the field data to which it was compared (Table 1) . GSV imagery for Dolton was updated in summer 2018, but this update occurred after our analysts had completed the virtual surveys. Along with outdated imagery, we also encountered some blurry images and, less frequently, portions of streets such as dead ends that were not covered by GSV imagery. Where imagery was outdated, it is possible that some disagreement between the field crew and virtual survey analysts was attributable to analyst error or tree change (planting or removal).
The virtual survey analysts worked at their own pace as their schedules permitted. To avoid bias among analysts, we did not provide midstream feedback to help analysts confirm or recalibrate their estimates. Berland and Lange [49] found that this type of feedback can improve data quality as an analyst becomes more experienced. Moreover, Berland and Lange [49] had their analyst conduct a trial run by surveying a small selection of trees in GSV and then visiting them in the field to help the analyst calibrate his observations; this was not logistically possible in the present study.
Recommendations
Based on our findings, we present the following recommendations for those who may be interested in combining citizen science and virtual surveys to generate street tree inventory data. Our recommendations echo insights from citizen science and crowdsourcing studies for other environments and taxa.
• Street tree inventories are used for a wide variety of purposes requiring varying levels of data accuracy and precision [32] . In deciding whether a citizen science virtual survey is appropriate for your purposes, consider how the data will be used and then evaluate whether virtual survey data can reasonably be expected to meet those needs. Our study indicates that virtual surveys may provide useful information for management purposes, but perhaps not for research applications requiring more accurate and detailed data, similar to the findings from field-based street tree volunteer inventories in Roman, et al. [32] . Kosmala, et al. [63] recommend that citizen science data should be of sufficient quality to address management applications or research questions, implying that some volunteer data may be "good enough" for specific uses [52] .
• Task complexity should be tailored to the expertise of the analyst. Novices may only be able to provide high quality data for basic variables like tree counts, street address, and broad size classes (e.g., small, medium, and large), while experts can produce more reliable data for more detailed tree attributes like genus [49] . When designing a study, familiarity with the potential pool of participants can help guide the level of task complexity to assign. An iterative process of study design and refinement should consider the data quality needed for the project objectives as well as the observed capabilities of volunteers [63] .
• For species identification, volunteers' self-reported confidence level can be reported with each tree, or their overall identification skills can be evaluated with pre-tests. We observed substantially higher data quality when analysts were confident. Similarly, Roman, et al. [52] reported that crews had less confidence in the variables which showed the lowest consistency with experts. For virtual street tree surveys, it may be reasonable to accept the analyst's tree identification when they are confident (particularly for experts and intermediate analysts). However, data quality results regarding the importance of prior knowledge and self-reported confidence levels have been mixed in other citizen science contexts [30] .
• Virtual surveys should not replace field inspections by qualified professionals for the purposes of identifying pest/pathogen problems (but see [64] ). Similarly, virtual surveys are not appropriate for detailed assessments of tree risk because the analyst cannot examine the tree up close or from all angles, and because municipalities may want only certified arborists evaluating risk and pruning needs. However, for a very basic inventory that identifies standing dead trees in need of removal (as opposed to living trees that may be deemed structurally unstable or declining), virtual surveys may be appropriate [32, 52, 54] .
• Virtual surveys may not be suitable where in-person public engagement is a primary goal. While virtual survey analysts would engage with the city's urban forestry program in the process of contributing data, virtual survey participants in general miss out on chances to engage with members of the public in the field [65] , which occurs frequently as field crews inventory trees. For example, volunteers with a citizen science street tree inventory in New York City, NY were motivated by a desire to explore neighborhoods and meet new people [4] . However, virtual surveys may appeal to individuals who are physically disabled [66] , and approaches such as gamification can deepen engagement and increase participation [67] . Future research about crowdsourcing in urban forestry could explore motivations for participation and the impacts of varied engagement approaches.
•
Consider how recent the imagery must be to meet management needs. Street-level imagery products such as GSV offer nearly complete coverage of cities in the USA and many other countries, but imagery updates are not guaranteed on a timeline that is compatible with your needs. If the management goal is to produce a baseline inventory of street trees, then outdated imagery may be acceptable. But if the goal is to update an existing inventory, newer imagery would likely be necessary to characterize changes since the previous inventory. For example, a virtual survey could potentially be used to monitor trees from a planting program to assess whether the trees are alive, standing dead, or removed, as long as the GSV images are recent. Urban forestry nonprofits sometimes use volunteers to do such monitoring in the field [13, 52] , but the potential for online data collection could generate more data about planting program performance across towns that do not have the institutional capacity for field work.
• Implement a strategy to provide midstream feedback to analysts, as this can improve tree identification and estimation of DBH [49] . We provided analysts with illustrated examples of common tree species and GSV photos of trees in each DBH class, but analysts were not given feedback during the study to learn from their mistakes. Comparing their virtual survey data to field data for a subset of trees should help analysts refine the self-rated confidence and ultimately improve data quality. This strategy improved data quality in a previous study of virtual street tree surveys [49] and it aligns with feedback mechanisms designed to promote data quality and volunteer retention in other citizen science projects [63] .
• Rare taxa slow analysts down, so we recommend using virtual surveys to efficiently inventory common species and note the locations of unidentifiable trees, which could be identified later in the field. Alternatively, the analyst could save screen captures of trees that are difficult to identify, and then an expert could attempt to identify the trees based on the photos. Such expert validation is a well-established strategy employed in citizen science projects from other fields [63, 68] . Rare species have been shown to have particularly low species identification quality for other projects and taxa [69, 70] .
• Use this technique to update existing street tree inventories. In this study, analysts across all expertise groups excelled at documenting the locations of trees, but they struggled to identify trees to the species level and estimate DBH (Figures 2 and 3) . Existing inventories will already contain information on tree species and sizes, so the analysts can focus on documenting tree plantings and removals. We expect this simple assessment of tree presence/absence would offer significant time savings over both field surveys and the more detailed virtual surveys used in this study.
Conclusions
Virtual surveys using street-level imagery offer an alternative or complementary approach to field data collection for street tree inventories. Based on data generated by 16 volunteer analysts using Google Street View TM imagery, we assessed data quality by comparing agreement among analysts in three expertise groups, and by comparing analyst data to field data from the same locations. We found that self-identified experts generally produced higher-quality data than intermediate and novice analysts, but some individual intermediate analysts produced data of comparable quality to experts. Data quality was high across all expertise groups for the simplest variable (tree counts), and data quality decreased for more detailed variables like species identification. However, when analysts were confident in their genus and species identifications, their data typically agreed with the field data. In practical terms, these findings point to the possibility of using virtual surveys to efficiently collect high-quality tree location data using novice volunteers, and the possibility of collecting more detailed tree data using more skilled analysts. Additional research and practical application in the areas of citizen science and virtual tree surveys will continue to improve our understanding of data quality associated with these approaches. With increasing interest in volunteer-generated data [53] as well as street-level imagery in urban forestry research and management [42] [43] [44] 48, 49] , it is important to determine appropriate use cases and best practices for citizen science virtual surveys.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/4/349/s1, Document S1: Questionnaire to collect self-rated expertise information and participant background data, Document S2: Training materials for virtual street tree surveys in Google Street View, Document S3: Tree diameter reference guide, Document S4: Tree identification reference guide, Document S5: Study data. 
